Major gibberellins (GAs) in lettuce (Lactuca sativa L. cv Romaine) pith explants have been identified by gas chromatography-mass spectrometry (GC-MS) or GC-selected ion monitoring (GC-SIM) as GA,, 3-epi-GA,, GA., GA,,, and GA2. Treatment of pith explants with indole-3-acetic acid (IAA) (57 micromolar) plus kinetin (0.5 micromolar) induced xylogenesis. In this xylogenic treatment, the concentration of a biologically active, polar GA-like substance(s) increased during the first 2 days of culture, although all of the above GAs decresed (as measured by GC-SIM). In non-xylogenic treatments, where explants were cultured without exogenous hormones, or with IAA or kinetin alone, the concentration of the biologically active, polar GA-like substance(s) decreased during the first two days of culture, as did all of the above GAs (as measured by GC-SIM). Treatment of pith explants with exogenous GA, alone did not induce xylogenesis, but GA, at very low concentrations (0.0014 and 0.003 micromolar) synergized xylogenesis in the IAA plus kinetin-treated cultures. These results suggest that changes in the concentration of certain endogenous GAs may be involved in xylogenesis mediated by IAA plus kinetin in lettuce pith cultures.
There are confficting views on the effect of exogenous GA3 on auxin-induced xylogenesis in vitro. Combinations of IAA and GA3 apparently have a synergistic effect on cambial activity and the differentiation of secondary vascular tissues in woody dicots (29) . Some tissue cultures exhibiting xylem differentiation appear to respond favorably to the addition of GA3 to the medium. Several investigators reported that exogenous GA3 stimulated xylogenesis in tuber explants of Helianthus tuberosus (2, 9, 23, 25) . Other workers, however, found that GA3 was inhibitory to xylogenesis in bean callus (10) , and in cultures of Helianthus tuberosus (17, 18, 30) .
Aside from tracheary element formation, GA3 has been implicated in other cytodifferentiation events. The addition of GA3 to the medium stimulated phloem element differentiation in explants of Pinus strobus (5) , and primary phloem fiber formation in Coleus stems (1) . Also vascular differentiation in needle leaves ofPinus was influenced by applied auxin and GA3 (8) . Additional information can be found in reviews on the roles of hormones in vascular differentiation (11, 14, 21, 24, 26, 27) .
One possible reason for confficting data from studies on cultured tissues may be the presence of endogenous hormones within the explant at the time of excision from the parent plant.
A preliminary analysis of freshly excised lettuce pith explants revealed the presence of endogenous GAs' (22) . The present study is devoted to a further examination of the possible role of these endogenous GAs in xylogenesis induced by culturing on medium containing an optimal combination of IAA and kinetin.
MATERIALS AND METHODS Plant Material and Tissue Culture. Sterile pith explants were prepared as previously described (16) were ground in a mortar and pestle and extracted with 40 ml of 80:20 MeOH:H20. Tritiated GA32 (approximately 1670 Bq, specific activity 8.34 x 10" Bq mmol-') was added to each extract so that workup losses of GAs could be estimated. The extract was filtered, and the filtrate was forced through a column of C,8 reversed-phase material (3 g preparative C,8, particle size 55 to 105 gm; Waters Scientific Ltd., Mississauga, Ontario, Canada) which was then eluted with 20 ml of 80% MeOH. The eluate would have contained free GAs and GA conjugates; nonpolar pigments, kaurene, kaurenoic acid, and probably about 40% of any GA,2-aldehyde present in the extract would have been retained on the column, to be subsequently eluted in 100% MeOH (2 x 30 ml). The 80% MeOH eluate (60 ml total) was diluted to 40% MeOH with distilled water, adjusted to pH 6.5 with NH40H, and forced through the column, which was then eluted with an additional 20 ml of 40% MeOH. This eluate (140 ml total) will contain most free GAs and GA conjugates (13); some or all of the least polar free GAs (e.g. GA4, GA9, GA,s) should remain on the column to be eluted subsequently in 100% MeOH (2 x 30 ml). This 100% MeOH eluate was dried in vacuo at 350 C. The MeOH was evaporated from the 40% MeOH eluate and the aqueous residue was frozen at -70°C, freeze-dried, then dissolved in water (1 ml) and 80% MeOH (1 ml), mixed with 0.5 g of Celite, dried in a gentle air stream, and loaded onto a Sio2 partition column (prepared from 5 g of deactivated Woelm SiO2 [13] slurried in 95:5 EtOAc:hexane [formate-saturated]). This column was eluted first with 70 to 75 ml of 95:5 EtOAc:nhexane (to remove free GAs) and then with 100% MeOH (100 ml), to remove GA conjugates (13) . The EtOAc:hexane eluate was dried, and the 100% MeOH eluate was neutralized with NH4OH before drying.
At each step in the procedure aliquots were taken from solutions and radioactivity was determined by liquid scintillation spectrometry to estimate losses.
HPLC. Fractions containing free GAs were chromatographed using HPLC. Dried residues were dissolved in small volumes of MeOH:H20:acetic acid, filtered (Millipore HATF filter, 0.45 .m pore size), and injected onto a u-Bondapak C,8 (reversed-phase) column (Waters Associates). Solvent flow, at 2 ml min-' from two M6000A (or M-45) pumps (Waters Associates), was controlled by a model 680 Automated Gradient Controller (Waters Associates). Solvents were MeOH:H20:acetic acid 10:89:1 (pump A) and 100% MeOH (pump B). The solvent programme for chromatography of the free GA fraction was: 0 to 20 min., 32.5% MeOH (1.5 ml min-' pump A, 0.5 ml min-' pump B); 20 to 45 min, linear gradient to 73% MeOH (0.6 ml min-' A, 1.4 ml min-' B); from 45 min, 100% MeOH. The program for chromatography of the 'less-polar GA' fraction was: 0 to 20 min, linear gradient from 46% MeOH (1.2 ml min-' A, 0.8 ml min-' B) to 91% MeOH (0.2 ml min-' A, 1.8 ml min-' B); 20 to 30 min, 91% MeOH; from 30 min, 100% MeOH. Six-ml fractions were collected, aliquots were taken for radio-counting, and the fractions were dried (most of the MeOH was evaporated in vacuo, and the aqueous residue frozen and freeze-dried).
Bioassay. Free-GA fractions were assayed for biological activity in a modified (0.5 ,ul drop, 48 h measurement time) Tanginbozu dwarf rice micro-drop assay (19) Deuterated [ 17,1 7-2HJ (99.2% enrichment) standards of GA,, GA,9, and GA20 were prepared as described in (15) , and added to appropriate fraction residues after bioassay, before methylation for GC-SIM. Endogenous GA,, GA,9, and GA20 were quantified from m/e ratios 506/508, 434/436, and 418/420 (respectively) using standard curves. Measurement and Identification of Endogenous GAs. Major biologically active GAs in the free GA fraction from uncultured explants ( Fig. 1) were identified by GC-MS (SIM or full scan) as GA,, GA,9, and GA20 (Table I ). In addition, the relatively biologically inactive GA8 and 3-epi-GA, were identified.
RESULTS
After 2 d of culture, in medium without added hormones or with IAA or kinetin alone added (all non-xylogenic treatments), the concentration of a biologically active, polar GA-like substance(s) in the explants declined (Table II, fractions 2 and 3 (3) 448 (8) 377 (7) 3-epi-GA, 3-epi-GA, standard 2803 506 (30) 491 (2) 459 (3) 448 (8) 377 (5) GA8rlikeb, c 2824d 594 (52) 579 (4) 535 (3) 504 (2) ' The relative abundances of ions have been corrected for contributions from deuterated internal standards which co-chromatographed with the endogenous GA, and GA19. The relative abundances of ions in the standard GAs have been adjusted so that the abundance of M+ (for GA,, 3-epi-GA,, GA8 and GA2o) or the base peak (for GA19) corresponds with that found in the endogenous GAs. b From HPLC fractions shown in Figure 1 : GA,, 3-epi-GA, and GA8 from fractions 2 and 3; GA19 from fr. 11; GA20 from fraction f KRI on DB5-1SN. [7] [8] [9] declined in explants from all treatments. Analysis by GC-SIM ofthe polar GA-like substance(s) in residues remaining after bioassay were consistent with the bioassay results in that GA, was readily detected in the fraction from uncultured explants (35 ng GA3 equivalent by bioassay, 68 ng by GC-SI4) and could not be detected in fractions from the non-xylogenic treatments (Table III) . However, no GA, was detected in the xylogenic treatment and the biologically active, polar constituent in this treatment (d 2) remains unknown. The presence of 3-epi-GA, and GA8 in all explants cultured for 2 d was indicated by ions of m/e 506 and 594, respectively, at the correct KRI. Amounts of each, estimated by GC-SIM, were relatively high in uncultured explants, and relatively low in all cultured explants (Table III) . There was no indication of a significant amount of GA29 (the biologically inactive C-2 hydroxylated metabolite of GA2o) in any sample. GA,9 was present in all treatments, but the amounts calculated by GC-SIM (Table III) were lower, except in the IAA treatment, than those estimated by bioassay. This implies that other biologically active, but as yet unidentified, GAs were ptesent in these fractions. Logical possibilities which have (9) 56.98 ± 9.30 (6) since treatment for only the first 2 d ofculture was not synergistic (Table V) . Finally, in explants treated with GA, for 2 d before treatment with IAA and kinetin, xylogenesis was inhibited (Table  V) . DISCUSSION We have shown definitively that major biologically active GAs in lettuce pith explants are GA, and its logical Cl 3-hydroxylated precursors (28) , GA,9 and GA20. Consistent with these observations is the presence ofbiologically-inactive GA8 (the C2-hydroxylated metabolite of GA, [28] ) and 3-epi-GA,.
The concentrations of the biologically active GAs (as quantified by bioassay) changed with time during culture, and were also modified by exogenous IAA and kinetin. There are few other reports of the effects of growth regulators on endogenous GA concentrations (e.g. Refs. in Evans [7] ). In this study, the concentration of biologically active, polar GA-like substance(s) declined within 2 d in explants cultured without added growth regulators, or in cultures treated with IAA or kinetin alone. The xylogenic treatment (IAA plus kinetin) reversed this decline-in fact there was an increase in the concentration of biologically active, polar GA-like substance(s) within 2 d, during the period when induction of xylogenesis would be expected (24) . Thus, changes in the concentration ofendogenous GAs were associated with the induction of xylogenesis in lettuce pith explants, but it is not known if these events were related. However, other evidence of a possible role for endogenous GAs in xylogenesis was the synergistic effect on xylogenesis of low concentrations of exogenous GA,. There might be a critical role (rather than simply a synergistic one) for endogenous GAs in the induction of xylogenesis, since lettuce pith explants cultured for 4 to 5 d on medium without hormones do not form tracheary elements when transferred to medium containing IAA plus kinetin, unless that medium also contains GA3 (LW Roberts, unpublished results).
Since the increase in polar GA-like biological activity in IAA plus kinetin-treated explants was associated with reduced GA,9-and GA20-like activity, it is possible that its origin was from existing pools ofGA,g and GA20, or other GAs ofsimilar polarity. However, the biologically active, polar constituent in these explants was not GA,, the logical dihydroxylated metabolite of GA20. Its identity remains unknown, although it is under contin-uing investigation. Another explanation for the reduction in GA19 (Table III) and GA20 (Table II) in cultured explants is that conjugation of GA19, GA20, and/or their metabolites was enhanced (e.g. as occurs in suspension cell cultures of anise [12] ).
GA19 and GA20 might have been converted to the biologically inactive GA8 or C-3 epi-GA1, but conjugation of these latter metabolites must have been rapid since their concentrations (measured by GC-SIM) also decreased in all cultured explants (Table III) . (A precedent for the conversion of GA20 to 3-epi-GA, exists in Bryophyllum [6] ). These hypotheses can be tested by treatment of lettuce pith explants with [3H]-and [2H]GA20 and GA19, and such experiments are planned.
Our results indicate a positive role for endogenous GAs in xylogenesis in lettuce pith explants. They also suggest possible reasons for conflicting results obtained in other studies of the effect of exogenous GA3 on xylogenesis in vitro. The timing and concentration of exogenous application appears critical, since GA, given before IAA plus kinetin treatment inhibited xylogenesis (Table V) , and GA1 at higher concentrations (i.e. 0.014 jM or greater) appeared supra-optimal (Tables IV and V) .
